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Abstract 
This paper presents an analysis of the potential economic-wide energy and CO2 emissions implications of hydrogen vehicle 
penetration into the Portuguese road transport over the time-horizon 2010-2050. The energy and emissions implications are 
obtained using PATTS (Projections for Alternative Transportation Technologies Simulation), an excel spreadsheet model based 
on forecast scenarios. Historical data and trends of gasoline versus diesel share, fleet scrappadge, representative light-duty 
vehicle technologies life cycle energy and emission factors, are used to estimate, on a yearly basis, the total fleet life cycle energy 
consumption, CO2 emissions and air quality related impact. The macroeconomic effects are assessed with a Computable General 
Equilibrium model that is solved as a non-linear optimization problem formulated in GAMS software capable of dealing with 
substitution between labour, capital stock, electric energy and non-electric energy factors of production. It integrates parameter 
inputs obtained from PATTS tool where the transportation sector becomes hydrogen driven and a wide hydrogen refuelling 
infrastructure is deployed. The simulation experiments show that "hydrogen technologies" are likely to become economically 
viable. Household consumption, real GDP and investment increase from baseline. The positive impact upon the economic 
variables is supplemented by energy costs reductions, of just -0.1 to -0.3 percent per annum, in both high-price and low-price 
cases. The economy grows faster in the low-price case where the reductions in energy costs are also more pronounced. CO2 
avoided emissions due to hydrogen economy reach a maximum of 2 kton/km in 2050, if the natural gas steam reforming 
production method is adopted. 
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1. Introduction† 
For moving to a low carbon economy in 2050, and respect the 2ºC maximum temperature rise, the developed 
countries will need to target a cut of 80-95% of greenhouse gas emissions below 1990 levels by 2050. Knowing that 
the road transport contribution share for this emission is roughly 20%, this sector has been particularly studied as far 
as forecasting/ backcasting/ scenarization is concerned. Concerning scenarios in existing reports, e.g. [1], [2], [3], 
[4], [5], [6], [7] it is noted that the variations are not only due to hydrogen penetration but also different assumptions 
concerning other technologies, demography, oil dependency, feedstock energy cost and economic growth, between 
others.  
Hydrogen as an energy carrier and its use in passenger transportation through the fuel cell technology is widely 
considered as part of the solution to help meeting the targets. Hydrogen vehicles may include vehicles with internal 
combustion engines, but for the longer term fuel cell powered vehicles are expected to prevail. Due to being an in-
use zero emission technology, the need for a methodology on how to account for Greenhouse Gases (GHG) intensity 
of energy carriers and determining appropriate metrics is essential to make sure that post 2020 targets provide the 
right incentives to manufacturers and energy suppliers. Therefore some studies consider the hydrogen complete 
chain, i.e., hydrogen production and use to compute an overall GHG benefit comparing with conventional 
diesel/gasoline fuel use. This approach is called well-to-wheel (WTW), and is composed by fuel production (well-
to-tank, WTT) and fuel use when driving the vehicles (tank-to-wheel, TTW). Some other studies consider only the 
WTT stage. Concerning energy security, hydrogen is one of the fuels that become more secure, due to expected 
increased contributions from renewables. The following studies mention hydrogen: Global Transports Scenarios [1]; 
Technology Map of the European SET-Plan [2]; Roteiro Nacional Baixo Carbono [3]; Scenarios for Portugal [4]; 
HYRREG for SUDOE [5]; HyWays for Europe [6]; McKinsey for Europe [7].  No Gross Domestic Product (GDP) 
impact was predicted within these studies and this is one of the main novelties of the present research along with life 
cycle impact estimations. The later may be found in some author related research examples [8], [9], [10], [11]. 
About 450 billion m3 of hydrogen were produced and consumed worldwide in 2011, but mostly as raw material 
for the production of chemicals rather than as a fuel itself [12]. Regarding vehicles using hydrogen, several 
technologies are possible: Fuel Cell Vehicles (FCV), Fuel Cell Hybrid Electric Vehicles (FCHEV), Fuel Cell Plug-
in Hybrid Electric Vehicles (FCPHEV) and Internal Combustion Engines (ICE) being this last option possible to 
combine with hybridization, defined as H2 HEV. Mainly demonstration projects are related to the public bus sector, 
such as the Clean Urban Transport for Europe (CUTE), the Global Hydrogen Bus Platform (HyFLEET:CUTE), the 
Sustainable Transport Energy Programme (STEP) and the Ecological City Transport System (ECTOS). Some 
original equipment manufacturers (OEM) of light-duty vehicles have already engaged in alternative powertrain 
using hydrogen. About those prototypes, out of more than 20, there are: Mercedes-Benz F600 Hygenius (hybrid), 
Honda FCX (hybrid), GM Chevy Volt Hydrogen (hybrid plug-in) and Ford Edge with HySeries Drive (hybrid plug-
in) [13]. Despite the promising aspects of hydrogen economy, its realization faces multiple challenges, from 
economic to technological and institutional barriers that the need arises for a coordinated Roadmap with a strategy 
to overcome these barriers [5]. 
In this paper three fleet model scenarios are combined with two Brent price possible evolutions, one hydrogen 
and one electricity price evolution to integrate with one macroeconomic model and to obtain as outputs fossil energy 
importation impact, CO2 emission impact, criteria emissions impact, and GDP impact. 
 
 
† Abbreviations: BEV, Battery Electric Vehicles; CCS, Carbon Capture and Storage; CES, Constant Elasticity of Substitution; CO2, Carbon 
Dioxide; CGE, Computable General Equilibrium; FCHEV, Fuel Cell Hybrid Electric Vehicle; FCPHEV, Fuel Cell Plug-in Hybrid Electric 
Vehicle; FCV/FCEV, Fuel Cell Vehicles; GAMS, General Algebraic Modelling System; GDP, Gross Domestic Product; GHG, Greenhouse 
Gases; H2 HEV, Hydrogen Hybrid Electric Vehicle; HEV, Hybrid Electric Vehicle; ICE, Internal Combustion Engine; LCA, Life Cycle 
Assessment; LDV, Light-Duty Vehicle; NG, Natural Gas; NLP, Non Linear Problem; PATTS, Projections for Alternative Transportation 
Technologies Simulation; SMR, Steam Methane Reforming; SWOT, Strength, Weaknesses, Opportunities and Threats; TOC, Total Ownership 
Cost; TTW, Tank-to-Wheel; WE, Water Electrolysis ; WTT, Well-to-Tank; WTW, Well-to-Wheel  
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2. Methodology 
This paper main focus is on integrating the energy simulation tool PATTS [14] and the CGE model to assess the 
macroeconomic effects where the transportation sector becomes hydrogen driven. Fig. 1 provides an overview of the 
principal static linkages between the two blocs. 
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Fig. 1 Models interaction scheme 
2.1. PATTS 
A model for the energy consumption, local emissions (HC, CO, NOx, PM) and global CO2 equivalent emissions 
of the road transportation sector was developed and is fully documented by several studies [4][14]. PATTS allows 
the estimation of the behavior of the road transportation sector. In order to model the fleet evolution over time, the 
vehicle stock (considering not only entries in the market but also vehicle scrappage) and the fleet kilometres 
travelled are considered. Combining them with the vehicles’ fuel consumption (according to the technology/fuel 
configuration) and emissions, the total fleet energy consumption and emissions are estimated for the country’s in-
use fleet over time, as can be seen in Fig. 2. The model is based on several linear programming modules using 
Microsoft Excel that tracks several variables such as new vehicle sales, market shares of different propulsion 
systems and vehicle stock, their fuel consumption, annual kilometres travelled and fuel mixes. Similar models have 
been developed, namely for the USA [16]. These models have been expanded for the Portuguese reality, 
incorporating other features such as a more detailed approach on life-cycle and the incorporation of the heavy-duty 
fleet. In the case of Portugal, the historic data starting in 1973 was used to calibrate the model. The population 
evolution influences directly the car fleet stock over time. Several approaches can be used to assess the evolution of 
car fleets. Car ownership relates to the standard of living in a country but economic parameters may sometimes be 
insufficient to explain the fleet’s evolution. Car ownership is expressed in a normalized way, expressing the number 
of vehicles per 1000 inhabitants in a country (vehicle density), as a sigmoid function. This curve fits the fleet 
evolution from the ‘‘virgin’’ market status, to the booming car market until the nearly saturated markets. 
The fleet composition is determined by the number of vehicles entering each year, expressed by new vehicle 
sales, and by their survival characteristics in the fleet. This information defines, for each vehicle type, how long the 
vehicles will circulate and when they will be scrapped. Vehicle scrappage is a function of the technical lifetime of 
the vehicle. It composes the probability of breakdown before the planned technical lifetime, the probability of car 
wreckage (for instance, after a car accident) and the probability of a car being replaced by a new or used car. 
The combination of new vehicle sales per technology, with scrappage curves, taking into account the exiting total 
number of vehicles (resulting from population and vehicle density scenarios) results in the yearly fleet composition 
from 1973 to 2050, with the disaggregation between gasoline and diesel LDV, the two main technologies in the 
LDV car stock. 
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      Fig. 2 PATTS overview.                                                                                  Fig. 3 Crude oil scenarios, own data based on IEA scenarios. 
 Three scenarios focused in the hydrogen fuel, were forecasted for Portugal: 
x BAU corresponding to continuing the current trends in terms of fleet, based on a liquid fuel 
infrastructure, and considering a low incorporation of alternative vehicle technologies and biofuels; 
x M2 Diversified: a diversity of alternative vehicle technology/energy sources will penetrate in the road 
transportation sector; initially the consumer will choose more fuel efficient vehicles such as HEV, but as 
the electricity recharging infrastructure is available the consumer will choose EV and increasingly more 
PHEV due to autonomy issues; acceptance of the electricity recharging infrastructure enables a later 
introduction of a hydrogen refuelling infrastructure and consequently of fuel cell vehicles (“pessimistic 
scenario” of hydrogen penetration);  
x M4 Hydrogen powered: a dispersed hydrogen refuelling infrastructure is deployed allowing the 
consumer to rapidly adopt fuel cell vehicles on a large scale (similarly to the FC IEA scenario 
[17]Error! Reference source not found.. Hydrogen storage and cost issues are overcome (“optimist 
scenario” of hydrogen penetration). 
 
The “pessimistic scenario”, M2, assumes a H2 vehicle share in the fleet of 1.3 % and the “optimistic”, M4, 22%. 
These percentages are lower than the Hyways [6] modest policy & modest learning scenario (that assumes a 
minimum of 26%), but are closest to the Global transport scenarios [1] which adopt conservative scenarios (1.3-
6.2% H2 vehicle penetration in 2050). Mckinsey [7] adopt a Light-duty vehicles (particularly segment C/D) 25% 
penetration, which is an interim position between the two previously mentioned studies.         
Hydrogen is assumed to be produced by 40% decentralized electrolysis and 60% centralized SMR. The vehicles 
percentage in the fleet is shown in the Table 1. Demography considered was a population of roughly 10.7 million 
inhabitants according to national statistics and a vehicle density of 618 vehicle/1000 inhabitants.  
Table 1 Fleet market share shifted (%) for the 2012-2050 period.                  Table 2 Accumulated investment in million  € for Portugal. 
Scenario \ Years 2012 2020 2030 2050  Scenario \ Years 2020 2030 2050 
BAU  0 2 6 11  BAU 0 0 0 
M2 Diversified 2 7 18 38  M2 Diversified 12.1 24.2 48.4 
M4 Hydrogen powered 1 3 6 29  M4 Hydrogen Powered 150 300 600 
  
The electric infrastructure is already deployed and a total of 1300 normal chargers and 50 fast chargers are 
already in use. For the hydrogen no infrastructure exists and has to be created from scratch. Therefore the 
investment related was extrapolated having as base the investment estimated in the report McKinsey for Europe [7] 
and adapt it for the scale of vehicles to serve, see Table 2. The energy prices may be different, but the following 
assumptions were made. For the crude oil, two scenarios were assumed, fast growth (C) and slower growth (B), 
based on IEA scenarios [18]Error! Reference source not found. and EIA scenarios [19], see Fig. 3. The relations 
between the crude oil price (x in USD/bbl) and gasoline and diesel prices in Portugal were historically found to be 
correlated as follows: gasoline 0.0088x + 0.6385 €/l; diesel 0.0096x + 0.3868 €/l.  
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Electricity was assumed to be growing in the average domestic consumer by assuming a constant Annual change 
based on historical data, and natural gas (NG) follows the projection of the Smart energy for Europe Platform 
(http://wupperinst.org/uploads/tx_wupperinst/Metastudy_Info_PolMakers1.pdf). Hydrogen prices can be highly 
correlated to NG prices [20] if steam reforming is the production technology. In this work hydrogen prices are based 
on European Commission WETO 2050 [21] and have an opposite tendency than those observed in Balat work [20], 
expecting more contribution from renewables for electrolysis and/or fiscal incentives. See Table 3 below for the 
final prices per MJ of energy. 
Table 3 Energy prices in €/MJ up to 2050. 
Gasoline Diesel Electricity H2 Natural Gas 
Years C B C B 
2020 0.059893 0.050474 0.050829 0.04148 0.06 0.032683 0.012 
2030 0.073349 0.054511 0.064185 0.045487 0.08 0.026704 0.016 
2050 0.094878 0.059893 0.085554 0.050829 0.11 0.017828 0.022 
2.2. The macroeconomic model  
   The algebraic formulation of the CGE model adopts the Arrow-Debreu model of general-equilibrium framework 
[22], and follows standard neoclassical assumptions, where the economy is viewed as a competitive market and its 
competitive economic equilibrium is determined by optimization decisions of producers and consumers, consisting 
of a system of three groups of equilibrium conditions, including profit maximizing firms; market clearing condition 
with supply and demand mediated through prices; and a budget-constrained utility-maximizing household condition 
[23].   
   We build a top-down CGE model which is designed to analyse the medium-run economic effects of the 
penetration of alternative vehicle technologies into the Portuguese transportation sector in forty years’ planning 
horizon starting with 2010 and extending through 2050. The heart of the model is the assumed CES production 
function that we use to build a coherent, self-consistent model of energy-economy interactions, assuming a positive, 
differentiable, and convex function exhibiting constant returns to scale. The model captures the inter-relationships 
between the wider economy and the transportation sector as well as their combined resource requirements. Capital 
and labour are combined via a Cobb-Douglas production function and so are electric and non-electric energy inputs. 
The elasticity of substitution among the input of factors is separated in three fractions: substitution between capital 
and labour, substitution between electric and non-electric energy, and substitution between capital/labour and 
electric/non-electric energy. These values are constants or parameters determined by available technology. The 
model is calibrated for the base-year 2010, the latest year for which all data is available. The model experiments are 
reported for eight individual time periods, each five years in length. 
   The CGE model allows us to perform computer simulations to investigate the consequences of alternative energy 
technologies in the transport sector on the economy and its mathematical framework is implemented in the GAMS 
software and solved with the NLP solver CONOPT3 Version 3.14U. The convergence of the two sets of results from 
PATTS and the macroeconomic model are achieved through an iteration process, rather than by having to solve the 
optimization problems of the two sub-models simultaneously. The main feedback of information between the two 
parts is through parameters specifying the amount to which energy separated for electric and non-electric form is 
required as an input for the production of a unit output, and the energy expenditures that the economy is willing to 
pay. The model determines for each point in time the equilibrium between supply and demand, whereby substitution 
between labour, capital and energy inputs take place according to the availability of the production factors and their 
cost of production. The prices for energy will affect the future level of energy demand, the energy-mix and the 
production structure of the economy. Inter-energy substitution will have macroeconomic implications and the entire 
economy will adjust to a new equilibrium according to the time lags built into the model.  
The parameterized reference macroeconomic model is calibrated through PATTS simulation tool parameters and 
projection results, namely the yearly labour force growth rate projected to have an inverted-U shape form across 
time; the price of energy up to 2050 (see Table ); and the CGE model built-in accumulated hydrogen investments 
reported in Table 2. The initial values of the main macro variables are taken from the World Bank World 
Development Indicators databank. We have supposed that capital stocks are replaced at the rate of 4% per year [24]. 
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The capital’s value share is 0.5 and the electricity’s value share parameter is 0.01, and both values are adopted 
respectively from [25] and [26]. The elasticity of substitution between capital-labour and energy, non-energy inputs 
is of the order of 0.05, hence relatively price inelastic. The empirical basis for this econometric estimate is a multiple 
regression model derived from an adaptation of Nerlove’s partial adjustment model to estimate the elasticity of 
demand for crude oil [27]. For optimizing the pattern of consumption over successive time periods, we shall take the 
discounted utility of consumption. The utility of the future period consumption is discounted by the factor 1/(1+¥). 
The factor by which the consumers discount next period's utility is a fixed and positive constant that lies between 0 
İ ¥ < 1. We shall adopt for the discount rate a value of δ = 0.10 (10% per year). The numerical value for the key 
savings parameter in the economy is calculated as 1/(1+δ) = 0.90. The value of this discount factor makes economic 
sense and it is similar to the one adopted in a recent study where households are willing to sacrifice present 
consumption and value future consumption higher [28].  
3. Results 
The final electric and non-electric energy consumption, including hydrogen, by the light-duty transportation 
sector is in Fig. 4. Fossil energy consumption is reduced by roughly 50% in 2050 due to alternative technologies 
using electricity and hydrogen. This is important due to the necessity of reducing foreign energy dependency and is 
mainly possible by using more electricity with renewables incorporation. Local pollutant emissions are reduced by 
90%, which is a major contribution for air quality improvement. The hydrogen isolated effect in terms of CO2 
reduction potential in 2050 is 2 kton/km if 100% natural gas steam reforming is adopted. Fig. 5 shows the chosen 
evolution scenarios.  
  
 
                                                              Fig. 4 Final energy consumption  (TTW energy consumption). 
 
                                                                              Fig. 5 CO2 equivalent emissions (WTW) 
Let’s now present and discuss detailed numerical results based upon our integrated energy-macroeconomic model 
experiments. All simulations begin in the year 2010. We first run the reference case simulation that assumes 
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business as usual conditions where we let the economy grow and do not introduce the new hydrogen related 
technologies into the model. The base case is characterized by modest growth and high-oil prices seem to affect 
more the aggregate outcomes due to higher costs forcing the macro variables to slow down over time.  
   We then report the estimated percent change of the hydrogen-powered case relative to the base case. To recall, we 
mean to assess the impact that hydrogen-powered vehicle transportation technologies have on model results. To that 
end, we simulate one alternative version of the reference model. This yields results that are reported in Table 3 that 
shows the time profile on which we focus and reports the impact of high-price and low-price assumptions on the 
macroeconomic key aggregates over the interval 2015-2050. An examination of the results of our several model 
runs ascertains that the pattern of changes to the economy is consistent in that there are no discontinuities in the 
results. Overall, the introduction of hydrogen-powered transportation technologies compared to the base case yields 
positive outcomes in the macro variables. Household consumption, gross output and investment go in the same 
direction. The projections indicate that we obtain annual reductions in energy costs in relation to the business-as-
usual scenario.  
Table 3 Economic impact results for the hydrogen-powered case. 
Economic variable Household consumption GDP Investment Energy costs 
Brent price C B C B C B C B 
Years Estimated change from baseline (unit: %/year) 
2015 0.024 0.097 0.014 0.072 0.000 0.000 -0.143 -0.132 
2020 0.258 0.161 0.204 0.133 0.015 0.049 -0.070 -0.100 
2025 0.369 0.017 0.309 0.031 0.101 0.121 -0.071 -0.121 
2030 0.807 -0.269 0.672 -0.192 0.172 0.184 -0.065 -0.184 
2035 0.338 -0.586 0.306 -0.443 0.234 0.241 -0.150 -0.257 
2040 0.290 0.248 0.278 0.243 0.301 0.295 -0.155 -0.201 
2045 1.602 1.190 1.343 1.017 0.345 0.347 -0.111 -0.162 
2050 2.963 2.416 2.444 2.023 0.398 0.402 -0.105 -0.133 
Annual growth rate (unit: %/year) 
2010-2015 1.748 1.835 1.355 1.427 0.000 0.000 0.057 0.051 
2015-2020 1.269 1.344 0.998 1.062 0.004 0.012 0.033 0.029 
2020-2025 0.917 1.009 0.730 0.807 0.022 0.018 0.011 0.018 
2025-2030 0.676 0.766 0.543 0.617 0.018 0.016 0.008 0.012 
2030-2035 0.505 0.586 0.407 0.475 0.015 0.014 0.009 0.009 
2035-2040 0.342 0.504 0.278 0.411 0.017 0.014 0.006 0.014 
2040-2045 0.310 0.386 0.252 0.316 0.011 0.013 0.016 0.011 
2045-2050 0.160 0.300 0.132 0.247 0.013 0.014 0.008 0.011 
Source: own elaboration with the results from the CGE model experiments.  
 
   The economic effects are dependent on the oil price assumptions. In the high-price scenario, the economic 
variables vary between 0.2 percent in 2020, 0.8 percent in 2030 to almost 2-3 percent in 2050. In the low-price case, 
the estimated change from baseline in macro variables is lower at most by 0.1, -0.2, and 2.4 percent in 2020, 2030 
and 2050 respectively. Noticeably, investment increases to approximately 0.2 percent in 2030 and 0.4 percent in the 
terminal year. One of the more striking results is that energy costs decrease in each scenario and vary roughly 
between -0.1 and -0.2 percent over the reference case with high-price assumptions, and between -0.1 and -0.3 
percent presuming the low-price path. The economy grows faster in the low-price scenario where the reductions in 
energy costs are also more pronounced. 
4. Conclusions 
A strong hydrogen penetration in the road transportation, maximum 22% of hydrogen based road vehicles in 
2050, for the hydrogen powered scenario, may be responsible for a decrease of CO2 and fossil energy consumption 
compared with the BAU of 29 % and 20%. A reduction of life cycle (WTW) CO2 emissions of 3% in 2050 face to 
1990 values is achievable, 60% if only TTW is considered. We infer from the economic experiments that there are 
positive impacts upon the main macro variables. Simulations results show that the hydrogen-powered case can lead 
to important energy costs reductions. We have conducted a robustness analysis to examine the effects of alternative 
utility discount rates on our model experiments, which have shown no noticeable impact upon the calculation of the 
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main economic effects. Thus, in assessing the economic impacts, it would be advisable to consider in the future the 
interactions with different elasticity of substitution parameters in the CES production function, since such 
connections may possibly provide further new insights into the economic effects of hydrogen in the Portuguese road 
transport sector. 
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